Based upon analyses of grain-size, rare earth element (REE) compositions, elemental occurrence phases of REE, and U-series isotopic dating, the sediment characteristics and material sources of the study area were examined for the recently formed deep-sea clays in the eastern Philippine Sea. The analytical results are summarized as follows. (1 The Philippine Sea is the largest marginal sea in the West Pacific. The Philippine Sea Plate is located between the Eurasia Plate and the Pacific Plate, the largest continental and oceanic plate on the earth, respectively. The geologic setting is, therefore, unique and special, with great depth in average of deeper than 6000 m, complex crustal structure, and rough seabed topography. These factors all lead to the improvement of research difficulty on it. So far, a systematic research on the surface sediments of this area has been rather rare, which is extremely off-balanceable to its crucial structural position [1] . The recent discovery of new-type deepwater ferromanganese crusts on surficial seabed necessitates the research on sediment characteristics and material sources for recently formed sediments [2, 3] . This is not only helpful in revealing the formation mechanism of new-type ferromanganese crusts, but also in understanding the transport and sedimentation of fine-grained substances carried by the East Asian monsoon, especially the East Asian winter monsoon [4] .
The Philippine Sea is the largest marginal sea in the West Pacific. The Philippine Sea Plate is located between the Eurasia Plate and the Pacific Plate, the largest continental and oceanic plate on the earth, respectively. The geologic setting is, therefore, unique and special, with great depth in average of deeper than 6000 m, complex crustal structure, and rough seabed topography. These factors all lead to the improvement of research difficulty on it. So far, a systematic research on the surface sediments of this area has been rather rare, which is extremely off-balanceable to its crucial structural position [1] . The recent discovery of new-type deepwater ferromanganese crusts on surficial seabed necessitates the research on sediment characteristics and material sources for recently formed sediments [2, 3] . This is not only helpful in revealing the formation mechanism of new-type ferromanganese crusts, but also in understanding the transport and sedimentation of fine-grained substances carried by the East Asian monsoon, especially the East Asian winter monsoon [4] . Sun et al. [5] , Piper [6] , and Huang et al. [7] demonstrated that grain-size, REE compositions, and elemental occurrence phases of REE were useful research aspects in reflecting the sediment origins and material sources of deep-sea sediments. Furthermore, the U-series isotopic chronology has been proved to be one of the most effective and common dating methods for recently formed sediments with low accumulation rate and scarce fossil [8, 9] . The present work aims to reveal the grain-size and geochemical characteristics of REE, and then interpret the origins and material sources of recently formed clays in the eastern Philippine Sea.
Materials and methods
The present study area is located in the northern Parece Vela Basin of the eastern Philippine Sea (Figure 1 (a)) [2] , mostly below the carbonate compensation depth of about 4000-4500 m [10] . The sediments, therefore, contain very few calcareous debris and other organisms (e.g., spongy spicule and diatom).
Sediment samples were collected with box sampler and gravity corer during 4 cruises of R/V Science No. 1 (Figure 1(b) ). After the measurement on pH and Eh values of the tops (0-2 cm) by potential method, sediment samples were freezed for subsequent analyses.
Smear identification was carried out under polarizing microscope and binocular microscope with a magnification factor of 200-400 times. The relative percentages of calcareous organisms (foraminifera and coccolithes), siliceous organisms (radiolarian and diatom), volcanic materials (volcanic glass and volcanic debris), terrigenous substances (quartz, feldspar, hornblende, epidote, etc.), and authigenic minerals (mainly composed of authigenic ferromanganese micro-nodules or debris) were estimated with the eyeballing estimation method. And then the sediment type could be ascertained according to the naming principle for deep-sea sediments.
Grain-size analysis was completed with Cilas 940L instrument. The measurement scope was 0.3-2000 μm with resolution at 1/4Φ interval.
For the REE analysis, sediment samples were dried at 50℃ and then powdered to below 200 meshes. The powdered samples were measured in the Central Laboratory, Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences with Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) in precision below 4%.
As to the elemental occurrence phase research on sediment, although there have been some attempts reported already [7, 11] , similar research on deep-sea sediments remains limited. Here we used a 5-steps chemical extraction method, that is, the bulk compositions were divided into adsorption, carbonate, ferromanganese oxide, organic, and residual phase with different reagents [2] . The REE contents in each phase were measured with ICP-MS in the National Research Center for Geoanalysis, Chinese Academy of Geological Sciences with precision better than 3%.
U-series chronology was got from short core sediment collected just beneath the ferromanganese crust, using Octete Plus 8-channel Alpha Spectrometer in the U-series Laboratory, Institute of Geology and Geophysics, Chinese Academy of Sciences. The radioactivities of 230 Th and 234 U from eight sub-samples were measured in precision within 5%.
Results and discussion

Smear identification and sediment classification
Based on the smear identification under microscope, 314 sediment samples can be classified into 11 types: deep-sea clay (79.0%), siliceous ooze (5.7%), claybearing siliceous ooze (4.1%), clayey siliceous ooze (3.5%), siliceous clay (2.9%), silica-bearing clay (2.2%), clayey calcareous ooze (0.6%), clay-bearing calcareous ooze (0.6%), calcareous ooze (0.6%), silica-bearing calcareous clay (0.3%), and calcareous clay (0.3%). The deep-sea clay is the main sediment type and most of the new-type ferromanganese crusts were found to accrete on the surface of deep-sea clays. And then following analyses and discussion are only focused on the deep-sea clays.
Sedimentary environment and accumulation rate
Eh and pH values of sediment directly reflect the environmental conditions. The sediments are characterized by slightly oxidative (average Eh value of 111.9) and alkalescent (average pH value of 7.44) conditions. Besides, the sediments with ferromanganese crust always have relatively higher Eh values than the sediments without crust (average of 123.1 and 110.7, respectively), indicating the relatively stronger oxidizing conditions of the sediments with ferromanganese crust [2] . Reportedly, the 230 Th excess ( 230 Th ex ) dating method is a high precision tool in geochronology for recently formed sediments with low accumulation rate and fossilpoverty [8, 9] . The calculation formula is ln 230 Th ex (h) = −λh/v+ln 230 Th ex (0) , [8, 9] . Besides, the 230 Th ex values of sub-samples decrease exponentially and regularly with depth (Table 1 ; Figure 2 ), indicating that these data are applicable for sediment dating. The average accumulation rate is calculated to be only 1.38 mm/Ka, which corresponds to an accumulation period of about 61.5 Ka for the study core. The accumulation rate is one or two orders of magnitude lower than the Late Pleistocene-Holocene sediments in the marginal seas of the East China Sea and the South China Sea [12, 13] , and also in the West Pacific Warm Pool [14] . The accumulation rate is equal to the Late Cenozoic sediments in the Clarion-Clipperton area of the East Pacific, where ferromanganese nodules are enriched [7] . It is considered that the lower accumulation rate and relatively stronger oxidizing conditions are both favorable for the formation and accretion of new-type deepwater ferromanganese crusts in the present study area. 
Grain-size composition
Grain-size distribution of clastic sediments is an important fabric feature in tracing the material source, transport and deposition process ever occurred, and sedimentary condition [5] . Based on the Folk-Ward's grain-size classifications [15] , sediment samples mainly belong to the types of silty clay-clayey silt or clayey silt-silt (Table 2) , whose grain-size distribution characteristics are generally similar. The average mean size is in fine silt grade, with average sorting of 1.49Φ (Table 2 ). The sediments are finer but slightly better in sorting than the surface sediments in the Okinawa Trough and the South China Sea [16, 17] . It can be deduced that the sediments in the study area are less affected by the direct input of terrigenous materials from the continents nearby. The average content of grains coarser than silt is 54.15%. These grains are generally poor in roundness under microscope. Combining the poor sorting (generally higher than 1), we can know the localized material ARTICLES OCEANOGRAPHY sources from the alteration of nearby volcanic materials without serious collisions and abrasions during transport, whereas terrigenous materials of eolian transport (very uniform and mainly composed of fine fractions finer than 10 μm) are minor in amounts [18] . This is also consistent with the geographic location of the study area [19] [20] [21] [22] . In addition, the coarser grains are more abundant in the sediments with crust than the sediments without crust (Table 2 ). This implies that the formation of ferromanganese crust does not favor the accumulation of fine clayey materials of eolian loess from upper seawater into the underlying sediments. Although the grain-size characteristics are almost similar between the sediments with and without crust due to their similar geologic background, differences might have occurred by the formation and accretion of ferromanganese crust.
Geochemistry of REE
REE is a good geochemical tracer for the material source, sedimentary environment, deposition process, and is also focused on the present study, together with Ce-anomaly as an indicator for paleo-redox conditions [6, [22] [23] [24] . 2.4.1 REE content and distribution pattern.
From the 15 elements of REE measured in this study, the anterior 6 elements (La, Ce, Pr, Nd, Sm, Eu) are called by a joint name of LREE, expressed by ΣCe; the remaining 9 elements (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y) have a general name of HREE, represented by ΣY. The total REE amount is denoted as ΣREE [25] . The ΣREE contents range between 163.89 μg/g and 468.26 μg/g, with an average of 270.91 μg/g (Table 3 ), which are generally higher than Chinese loess and the Okinawa Trough sediments, but lower than the Middle Pacific pelagic sediments. In addition, the ΣCe/ΣY ratios are 1.41-3.17, with an average of 1.90, within the range of the above two types of regions also. Shale-normalized patterns of REE show rather consistent characteristics of weak HREE enrichment, Cepassive anomaly, and Eu-positive anomaly (Figure 3) .
The character of weak HREE enrichment displays a clear difference from the Okinawa Trough sediments, but is closer to the Middle Pacific sediments (Figure 3) , which is possibly caused by the following reasons. Firstly, sediment materials are dominantly derived from the nearby volcanic materials enriched in HREE [31] .
Secondly, the formation of ferromanganese crust has obstructed the alteration of underlying sediments, and has a strong sorption of LREE from seawater, especially for Ce [2, 3, 25] . Thus, it leads to the relative enrichment of unaltered volcanic materials, ΣY, and ΣREE in underlying sediments. This can also be attested by the higher Figure 3 Shale-normalized patterns of REE for surface sediments in the study area and related regions.
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ΣREE values while lower ΣCe/ΣY ratios of the sediments with crust than the sediments without crust.
Among all the possible sources, only the nearby basalts have characteristic Eu-positive anomalies, whereas the others are all neutral or Eu-passive anomalies (Table  3) . Therefore, the Eu-positive anomaly character in the present sediments should be interpreted as the sediment materials derived from nearby volcanic sources.
Ce is usually depleted in the oceanic basin due to its rapid accumulation in continental sediments during the alteration process [32] [33] [34] . In addition, Ce is the only REE that can be transformed with redox conditions in marine environment. In the ocean, Ce 2+ is extremely inclined to be oxidized to Ce 4+ and deposits directly into the ferromanganese crust. As a result, the oceanic ferromanganese crust always has Ce-positive anomaly, while other biological and chemical deposits would show Ce-passive anomalies similar to seawater [2, 3, 25] . The Ceanomalies vary 0.45-1.03, with an averages of 0.79, indicating that Ce is strongly depleted. This may also be caused by the following reasons from two aspects. Firstly, the sediments are mainly originated from the alteration of nearby volcanic materials by bottom seawater, the sediments are, therefore, likely to inherit the REE characteristics of seawater, while Ce-passive anomaly is the most typical REE distribution character of seawater. Secondly, since the ferromanganese crust prefers adsorbing Ce from seawater [2, 3, 25] , Ce might be depleted within the underlying sediments. This explanation is clearly supported by the stronger Ce-passive anomalies of the sediments with crust than the sediments without crust. 2.4.2 Sediment source discrimination. Aluminum element in marine sediments mostly exists in aluminosilicate minerals of terrigenous origin and is relatively stable in the sedimentation process, but is not involved in biological medium in general. Hence, the element normalization to Al can be used to study the material source and elemental change in marine environment, compensating the influence of mineralogy and grain-size effect [2] . The enrichment factor (EF) for a certain element (E) is calculated by the relative ratio to its average abundance in the Crust as follows:
EF=(E/Al) sediment /(E/Al) crust .
(2) When EF is close to 1, the element is considered to be a Crust origin, whereas when EF is much higher than 1, it will be deduced as a non-Crust source [35] . EFs of REE for surface sediments in the study area and the Okinawa Trough are listed in Table 4 .
Most of the REE EFs exceed the value of 1, and are all much higher than the terrigenous sediments in the Okinawa Trough, especially for HREE. It is very likely that the terrigenous materials are not the main sources, also matches the geographic location of the present study area far away from the continent [19] . In contrast to the higher anomalies of HREE, the LREE EFs are not much higher than 1, indicating the minor input of terrigenous components. The relatively low EF of Ce is interpreted as the preferential adsorption of Ce to ferromanganese crust from seawater [2, 3, 25] , resulting in the lower EFs of Ce in the sediments under crust than the sediments without crust.
To further discuss the material source, discriminant function (DF) was applied to estimate the proximity to possible sources, meaning the degree of similarity of the study sediments to local and nearby volcanic materials, sediments in the Okinawa Trough, and eolian Chinese loess [36] . The formula used for DF calculation is
where (C 1x /C 2x ) is the ratio of concentrations of element 1 and element 2 in the sediments, (C 1l /C 2l ) is the ratio of contents of element 1 and element 2 in the possible sources. The absolute value of DF below 0.5 is generally accepted as indicating a close relationship in material origination. The smaller DF value, the closer relationship. In order to reflect the proximity more effectively with DF, elements of similar chemical properties, especially the mobility, should be paired up. The chemical properties of REE are very close to each other, and then REE can be used for the DF calculation. For nearby 
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volcanic materials and sediments in the Okinawa Trough, the HREE pair of Lu/Yb was used. As to eolian loess, the LREE couple of Sm/Nd that is relatively stable in the transport and deposition process was selected to be mated. Table 5 shows the DF values of sediments to the possible terrigenous sources and volcanic sources based on Sm/Nd and Lu/Yb data [26] [27] [28] 31] . The DF values of three types of volcanic materials are very similar to each other and are well below 0.5, meaning that the local and nearby volcanic materials are the major material sources. The DF values for Chinese loess and sediments in the Okinawa Trough are relatively higher, which indicates that continental materials from eolian loess and/or river (ocean) flows are very low or have been greatly changed during the long distance transport. [28] Okinawa Trough [26, 27] Kyushy-Palau Ridge [31] Parece Vela Basin [31] West Mariana Ridge [31] With crust (13) 0 
Elemental occurrence phase of REE
Elemental occurrence phases of REE by the wet chemical technique is accepted as being very significant for the element origination, migration, transition, source, related deposition environment, etc., in sediments [7, 11] . The REE relative contents in different phases are listed in Table 6 .
REE mainly concentrate in residual phase (60.1%) and then in ferromanganese oxide phase (36.3%). The REE contents in organic phase (2.0%) and carbonate phase (1.5%) are very low, while negligible in adsorption phase (0.1%). In residual phase, the ΣCe/ΣY* value (Table 6 ) is high enough to represent the relative enrichment of LREE to HREE, with obvious Ce-positive anomaly. On the other hand, the relative depletions of LREE and Ce in carbonate, ferromanganese oxide, and organic phase all indicate the seawater origination of these phases [23, 24, 37] . Eu is evidently enriched in adsorption phase and residual phase, while there are no obvious fractionations in other phases.
Though there is a clear difference among ΣREE between the sediments with and without crust, the shalenormalized patterns of each phase are similar (Figure 4 ), so do characteristic parameters (Table 6 ) and changing trends ( Figure 4 ). This reflects the stable geologic background and material sources that control the REE concentration and enrichment for the study sediments regardless of the presence of ferromanganese crust [3, 38] . Critical differences are, however, still present among the sediments with and without crust, which are also relevant to the formation of ferromanganese crust.
Although REE mainly concentrate in residual phase and ferromanganese oxide phase, there are still clear differences between them. Residual phase is prone to adsorbing LREE and thus shows the relative enrichment of LREE to HREE and strong Ce-positive anomaly [24, 33] . Moreover, residual phase of the sediments with crust always has a higher Ce-positive anomaly than the sediments without crust, which is related to the generally stronger oxidizing conditions in the site of ferromanganese crust formation. Ferromanganese oxide phase tends to enrich HREE from seawater, resulting in the depletion of LREE to HREE and Ce-passive anomaly [7] . As for Eu-positive anomaly in residual phase, it denotes its high volcanic material compositions [7] . It can be deduced that the detrital materials in the sediments should be mainly derived from volcanic materials on local and nearby submarine ridges [7, 31, 34] . The strong Eu-positive anomaly in adsorption phase (Table 6 ) might be caused by the direct influence of alteration products of these volcanic materials. This once more emphasizes the important contributions of local and nearby volcanic materials to the sediments.
Conclusions
Based on the comprehensive research and comparison of grain-size, REE compositions, elemental occurrence phases of REE, and U-series isotopic chronology, the sediment characteristics and material sources were examined for the recently formed deep-sea clays in the eastern Philippine Sea. The main conclusions we have drawn are summarized as follows:
(1) The accumulation rate is very slow, only 1.38 mm/Ka, indicating very low sediment input. The relatively coarse grain-size, poor sorting, and poor roundness are considered to represent the localized character of major material sources.
(2) The REE contents are relatively high. The REE shale-normalized patterns of weak HREE enrichment, Ce-passive anomaly, and Eu-positive anomaly are derived from the influence of alteration of volcanic materials by bottom seawater.
(3) Elemental occurrence phases of REE between the sediments with and without crust are generally similar, which reflects the stable geologic background and material sources that control the REE formation and enrichment.
REE mainly concentrate in residual phase and also in ferromanganese oxide phase. Residual phase is prone to adsorbing LREE, and then the enrichment of LREE to HREE and Ce-positive anomaly come into being. HREE are relatively enriched in ferromanganese oxide phase, which is caused by the preferential adsorption of HREE to ferromanganese oxide phase. It also leads to the Ce-passive anomaly in ferromanganese phase. Besides, volcanic materials are responsible for the appearance of Eu-positive anomaly in adsorption phase and residual phase.
(4) Differences are usually found on grain-size and REE geochemical characteristics between the sediments with and without crust, which are caused by the formation of ferromanganese crust.
(5) Combining the above indices and source discriminant analysis, it is concluded that the study sediments are mainly derived from the alteration of volcanic materials on local and nearby ridges. Terrigenous substances from the continents by either eolian loess and/or river (ocean) flows have contributed in minor degree.
